The solar images at 17 GHz by Nobeyama Radio Heliograph and in X-ray by soft X-ray telescope (SXT) on board Yohkoh satellite have been of particular interest for the estimation of solar coronal rotation using flux modulation approach. These studies established that the solar corona rotates differentially. The radio images estimate equatorial rotation period lower than those estimated by the X-ray images. The latitude profiles of the coronal rotation have temporal variability. It is very interesting that the space-time plots of sidereal rotation period revealed clearly North-South asymmetry. The asymmetry appears to change its sign in odd and even activity cycles of the Sun.
INTRODUCTION
Solar rotation has been known for the past four centuries. This was first seen by Gallilei using his first optical telescope. Studies on solar rotation both in the solar interior and its atmosphere attained great interest in the last four decades. The variation of characteristics of time-varying processes occurring in the solar atmosphere is tightly connected with prolonged large-scale manifestation of solar activity. The interaction between solar rotation, convection and magnetic fields indisputably is the reason for such activity. The study of the rotation of the solar interior is being carried out by Helioseismology [Howe (2009) and references therein]. The rotation of solar photosphere, chromosphere and corona is investigated by ground based and satellite observations of the Sun. There are three basic methods used for these investigations, namely, tracers, spectroscopy and flux modulation (Howard 1996; Beck 2000; Vats et al. 2001) . The initial studies of solar rotation observed the movement of sunspots as tracers across the visible disc. Thereafter many other quasi-permanent solar features were found to be useful as tracers for measuring solar rotations. These include plages, faculae, coronal holes, supergranules, giant cells, etc. [Beck, Duvall, & Scherrer (1998) and references therein]. Measurements of the rotation rate by usage of these tracers yielded different numbers and profiles. Some of these measurements do match with each other whereas many do not match. Disk integrated radio flux at 2.8 GHz and at a few more frequencies have been used for studies on long term average variation in the solar corona (Vats et al. 1998a,b;  ⋆ vats@prl.res.in (HOV) † satish0402@gmail.com (SC) Kane, Vats & Sawant 2001; Chandra & Vats 2011) . These measurements revealed quite large variability of coronal rotation. Multi-frequency simultaneous measurements of solar radio flux indicated that the corona has a significant rotation gradient as a function of altitude ).
The disk integrated measurements give no information on the latitude variations. Radio images at 17 GHz for the period 1999 -2005 give very interesting information about the differential rotation of the solar corona at the height of these emissions. The radio images are from Nobeyama Radio Heliograph for the years 1999 -2001 (Chandra, Vats & Iyer 2009 ). The X-ray images of Yohkoh SXT for the years 1992 -2001 are used by Chandra, Vats & Iyer (2010) . have discussed the temporal variation of rotation as a function of solar activity during the years 1999 -2005 for radio observations and for the years 1992 -2001 for X-ray measurements. This study showed that the equatorial part of the corona rotates slightly faster than that of the photosphere and chromosphere. The region of higher latitudes in the corona rotates much faster than the corresponding region of the lower solar atmosphere. Casas, Vaquero & Vazquez (2006) confirmed that the solar surface rotates slowly at the equator during low solar activity period and it shows a higher level of differential rotation with latitude. A similar, but smaller decrease in the equatorial rotation rate between solar cycles 13 and 14 (∼ 1901) , accompanied by a change in the decay rate of sunspots was reported by Balthasar, Vázquez & Wöhl (1986) . This epoch coincides with the minimum of the 80-year activity cycle. Chandra, Vats & Iyer (2010), using X-ray images, suggested that the equatorial rotation rate is anti-correlated with the sunspot activity, except in the year 2000. Chandra (2010) showed that the equatorial rotation rate and the sunspot number have a lag of 3 years. Furthermore, the differential part of the rotation is almost in phase with the sunspot number. Here, we present the space-time plots of the sidereal rotation period obtained from the observations of (1) Yohkoh X-ray during 1992 -2001 and (2) the radio images at 17 GHz during 1999 -2005. The former partly covers solar cycles 22 and 23 whereas the latter is only during solar cycle 23.
VARIATION OF SIDEREAL ROTATION PERIOD IN THE SOLAR CORONA
The sidereal rotation periods during 1999 -2005 were obtained using radio images at 17 GHz and the values are presented in the form of space-time plot in Figure 1 . The details of the procedure for obtaining the sidereal rotation periods are given in Chandra, Iyer (2009) and Chandra (2010) . Here, the latitudes vary from −60 degree (in the southern hemisphere) to 60 degree (in the northern hemisphere). The red colour represents the sidereal rotation period of 29 days (highest period, which would be the slowest rotation rate) and violet represents the smallest rotation period of 23 days (fastest rotation rate). The red colour is only prevalent in the northern hemisphere which indicates that rotation periods in this part of the solar corona are higher than those in the southern hemisphere. This is a Figure 3 ), belongs to the solar cycle 23 and 22, respectively. Here, the range of rotation period is shorter (24 -28 days) than that from the radio images (23 -29 days). This shows that equatorial rotation periods obtained by the radio images are lower than those obtained by the X-ray images. In the higher latitudes, it is opposite of this, i.e., higher when obtained by the radio images than the X-ray images.
The space-time plots in Figure 2 show a reasonable resemblance to those in Figure 1 , in that the rotation period is higher in the northern hemisphere than in the southern hemisphere. The Figures 1 and 2 have common epoch (1999 -2001) . From the careful visual inspection of the latitude range ±60 degrees for both patterns, it can be imphasized that in this epoch behavior of rotation rate and North-South asymmetry is reasonably similar. Both of these plots belong to the solar cycle 23. The rotation period in solar cycle 22 as seen in Figure 3 also show clear evidence of N-S asymmetry, but in this solar cycle the rotation period is higher in the southern hemisphere than that in the northern hemisphere.
The average profiles for the coronal rotation based on these measurements are shown in Figure 4 . Figure 4 has three panels (A, B and C): panel C for solar cycle 22 is the average of X-ray measurements during 1992 -1995; the other two panels (A and B) are for solar cycle 23 from radio images at 17 GHz during 1999 -2005 and from X-ray images during 1996 -2001 respectively. The continuous curves (in Figure  2 ) represent 4th degree polynomials for the average sidereal rotation period, T (ψ). The equation for such a polynomial is given as below:
where Ω(ψ) and ψ are the sidereal rotation rate (in degree/day) and solar latitude (in degree), respectively. Whereas, C0, C1, C2, C3 and C4 used in equation 1 are the polynomial coefficients. The values of these coefficients for radio and X-ray measurements are given in Table 1 . The sidereal rotation period T (ψ) can be obtained easily, knowing sidereal rotation rate Ω(ψ), using the following equation,
The values of C0 indicate that the radio images estimate the coronal sidereal rotation rate somewhat higher than Xray images. The N-S asymmetry will be through the coefficients C1 and C3. These coefficients have opposite signs for the solar cycles 22 and 23.
The average sidereal rotation period from the radio images during solar cycle 23 ( Figure 4A ) has a very clear asymmetry in North and South hemispheres. The rotation period at 60 degree North and South hemispheres differs by one day. This difference is about 4%. The results of X-ray measurements for solar cycle 23 do support the radio measurements; however, the difference in North and South hemispheres is less. This could be partly due to the epoch difference and also X-ray measurements may represent higher heights in the corona than 17 GHz radio emission. The X-ray measurements of solar cycle 22 clearly have asymmetry in the opposite sense, wherein the southern hemisphere seems to have higher rotation period than the northern hemisphere, Table 1 . Coefficients of Sidereal rotation rate C 0 , C 1 , C 2 , C 3 and C 4 (in degree/day) obtained using radio images (NoRH at 17 GHz) and X-ray images (Yohkoh/SXT). These values are used to derive the continuous curves of Figure 2 .
NoRH / the highest difference being > 0.5 day. This difference is about 2%. The epochs in all the three panels, here, do not cover either solar cycle 22 or 23 completely. The results are indicative of the fact that the North-South asymmetry is real and significant. Moreover, the N-S asymmetry also changes its sign from even (22) to odd (23) solar cycles.
DISCUSSIONS
The study of differential rotation and its temporal and spatial variation in the solar atmosphere is an important task of solar physics. Various solar observations have been used for such investigations. Javaraiah, Bertello & Ulrich (2005) showed that the sunspot cycles are connected by long-term variations in the equatorial rotation rate and the latitudinal gradient. Song, Wang & Ma (2005) established, from the photospheric magnetic field measurements, that the degree of the asymmetry during the minimum of solar activity is higher than that during the maximum of solar activity. Moreover, the change of magnetic flux is always accompanied by a gradual shift of dominance from the northern hemisphere in the ascending phase to the southern hemisphere in the descending phase Gigolashvili et al. (2005) investigated Hα filaments and showed, statistically, the existence of N-S asymmetry in the chromospheric rotation during solar activity cycles 19 -22. With the development of a cycle of solar activity, the N-S asymmetry of solar rotation rate changes, i.e., the differences in the velocity reach peak values at about solar activity maxima, but change sign from cycle to cycle near activity minima. Changes in the northern and southern hemispheres can be interpreted as oscillations with a 22-year period. The present study supports this finding of N-S asymmetry in the solar coronal rotation that (1) in odd solar cycles (e.g. 23) the southern hemisphere rotates faster than the northern hemisphere and (2) in even solar cycles (e.g. 22) the northern hemisphere rotates faster than the southern hemisphere. It can be concluded that the North-South asymmetry in solar corona and chromosphere is in phase. The rotational asymmetry probably leads to the manifestation of N-S asymmetry in many solar features observed by various methods and is certainly, in a complex manner, related to the solar dynamo.
